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Ionaccelerationprocessesare centralto our understandingof the

originsof allmajorparticlepo@ations withintheEarth’smagnetosphere.

Althoughthisfacthaslong beenappreciated,onlyrecentlyhavewe &gun

to becomeawareof the tme cou@exityof these processes. Thisawareness

hasgrown chieflyfrom experimentaladvancesmade overthe past 10-15

years. It isq intentin thisreviewtohighlightareaswherecomposition

experimentshave opened i~a doors of perceptionon nqnetospheric

phenomenathatcom looselyundertheheadingof ionacceleration.

By now manyauthorshaveemphasizedthatour improvedknowledgeof

magnetosphericcompositionhaslead to an cwerthrcnvof earlier concepts

whichcenteredon the solarwind m the originofmst hotplasma and

trappedparticleswithinthemagnetosphere.Figure1 showstheextent to

whichbothionosphericand solarwindplasm sources arenowknownto be

intemoven. Qualitativelyat least,one populationfeeds anotherin a

cascadeof particleand energy flowthrmgh the magnetosphere. mm

importantquestionsna concernnotsomuchtheultimatesourcesof ionsas

howone sourceregionpreconditionsan ionppulationbeforepassing it on

to thenext. It turnsoutthatthepreconditioningquiteoftendependfion

speciesspecificprocesseg,suchas wave-prticleinteractionsor charge

exchange,that cangreatlyalter thesignatureof ion originse.g. by

enhmcingor depletingoneionspeciesrelativeto others.

Whileion accelerationis the main topicof this review, it is

importantto keepin sighttheoveralldynamicsof the magnetosphere.l%is
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involvesthe flow,not just of mass (representedby ions), butalso of

momentumand energy. For manyyears it was thoughtthat all three

quantities,mass,momentumandenergyflowed almostexclusivelyfrom the

solarwindgo theterrestrialionosphereviathe magnetosphere.NOW we

knowthata non-negligiblemass flowtakesplacefromtheionosphereback

intothemagnetosphere.We arebeginningto learnthat thistransgmtmay

actas a kindof feedbackon themagnetosphereand itsprocessingof solar

windenergyinput.

themagnetosphere.)

includetheroleof

(Electrodynamicsfeedbackis of coursean oldstory in

Specificexamplesof ionosphericparticlefeedback

oxygen ionsin substorrninitiationandof helium ions

inmediatingwave-particleinteractions.

future,perhapsin thisvolume.

Mis reviewis organizedby dividing

populations:

- plasmasphere(-1 eV)

- exo-plasmasphere(1eV - 1 keV)

- plasm sheet(1-10keV)

- ringcurrent(10-300keV)

Othersmaycom to lightin the

mgnetosphericparticlesintofive

- trappedradiationbelts(> 300 keV)

The readerof course realizesthat these populationsare merely

conveniences.Theyoverlapbothin spaceandenergy:oneman~s plasma

sheet is often another’sring current. Their usefulnessis that

“populations”convey to mostof us a definitepictureof a range of

particleenecgies,densities,trajectories,etc.thatareunderdiscussion.

Designatingpopulationscanalsobe usedtopicturea kindof orderin an

othemiseuntidymagnetosphere(Figure1).

one caveat,centralto anydiscussionof magnetosphericion m~sure-

ments,camot be sounder?tooloudly:~etospheric ionabundancesdepend
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on solarcycle. ‘Ms iswell-establishedat 1 - 20 keVenergies(Section—

6) ad is almostcertainlythecaseat higherenergiesas well. Figure 2

thereforedepictsthe phasing of variousmagnetosphericmissionswith

respectto thepresentsolarcycle. Note thatAMPTE,whichis the first

spacecraftto probethe bulkof the ion ringcurrent,doesso near solar

minimum. A second,less important,caveat is thatthe authoruses the

termsheatingandaccelerationinterchangeablywhen,strictlyspeaking,

theyaren’t.Suchsemanticsloppinessis excusedon thegroundsthat the

twomayoftenbe indistinguishableto the observerandthe reviewercando

no better.

If thereis a singlethemeto thisreview,it is thatcompositionplays

a key role inmagnetosphericdynamics. It is by nowgenerallyaccepted

that“heavy ions”can no longer be considered“tracer”particles. The

occasionof this ChapnanConferenceprovidesan excellentopportunityto

stepback fromour earlierpursuitsandlookafresh at a magnetosphere

permeatedby multispeciesplasmas-andperhapsto reflectthatthemagneto-

spheresof Jupiterandother astrophysicalobjectsarealsonot likely to

be madeup onlyof “protons”.Magnecosphericaccelerationproce~seswhich

tendto select or enrich a particularionspeciescanalsobe expectedto

operateinastrophysicalenvironmentswithas yetunforseenconsequences.

In the sectionsthat followI givea briefinstrumentationsumary

followedby onesectiondevotedtoeachof the5 populationslistedabove,

withone finalsectionfortheionosphericsourceregion. In all sections

I attemptto bringtogethersomeof theideasand examplesof ionaccel’?r-

ationina discussionof theinterplaybetwen theionosphericand solar

windsourceregiomandtheaccelerationprocessesthattakeplace betwmn

them,
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2. INSTWMENTATION

Thereis a needin thegrowingfieldof ioncompositionstudiesfor a

thoroughandcritical.evaluationof experimentaltechniques.It is beyond

thescope of this review to do morethan scratchthe surfaceof this

neglectedbut importanttopic.

theoreticalaspectsof non-mass

Wilkenet al. (1982)and Bals:

An earlyreviewbyVasyliunas(1971)covers

discrim.imtingsatellite-borneinstruments.

ger (1982)have givm usefuloverviewscf

massanalysismethodsincludingmagneticanalyzers,solidstate detectcrs,

andtime-of-flighttechniques.EnergyanalyzinglaboratoryinWnnnentation

hasbeendiscussedmorerigorouslyby Steckelmader(1973).Whatis still

lacking,however,isa thoroughexandnationof thecriticaltradeoffsamong

instnnnentparameters(energyrange and resolution,angular range and

resolution,massrange and resolution,geometricfactor,signalto noise

ratio,etc.)thatlargelydetermineperformance.Questionsoftenasked of

experimentersinclude:1) denonedetermine3-Dvelocitydistributionsfor

severalionspecieson timesscalesof a fewseconds? 2)Why not?,and 3)

Is thisa limitationthatwilldisappearas instrumenttechnologyadvances?

A mOregeneralissue to be considerediswhetherthefieldshould invest

preciousresourcesin facilityclassinst.mnents,followingthelead of

highenergy physicsand experimentalastronomy. Inorder to sensibly

discusspresentdayexperimentalresultsas wellas futureprospects,the

fieldas a wholeneedsto be betterinformed.Sucha reviewwouldat least

remve someof thebarriersto thatdiscussion.

Table1 providesa chronologicalsketch of instrumentdevelopmentin

ioncompositionandthe relatedareaof ULFwavemeasurements.Particla

instrumentationis divided intothree energyregimesbecausedifferent

techniquestendto be appliedin eachrange. The tableincludesa rough



6

classificationw instmnt type as wellas detectablemass to ionic

chargeratio(~) or nuclearcharge(Z).Values of ~ or Z includedin

thetableare thosethatcan be resolvedas reportedin the literature.

TM appropriatecomparabledata for waves is, roughlyspeaking,the

frequencythreshold. Referencesaie to instrumentationpapers where

available~or to ‘firstresults”paperswheresomeabbreviateddescription

uf the experimentaltechniquecan be found. Of course it would be

desirableto expandthis tableto includerangesandresolutionsfor the

tradeoffparametersmentioneddove, but Lhatfarexceedsthescopeof this

review. Ra&her thereader is askedto peruse Table 1 and note the

acceleratingdevelopmentof compositioninstrumentationthat has taken

placeoverthelast2 decades.Severalinslmmentpedigreesareevidentin

Table1 (e.g.,theOGO-5 magneticspectrometerleadingto RIMSon DE-1;

GEX3S-1to ccE;1069-25Bto SCATHA;andIMP-7 to CCE) whichshows that

carefullong-termdevelopmentby a number of specializegroups was

necessaryto producethecurrentspateof compositionresults.

One rather subtlepoint thathas hadSOM impacton thecourse of

magnetosphericphysicswas the earlybailabilityof compositionmeasur-

ementsat verylow (-eV)and veryhigh(- MeV)energies.BOthtypes of

instrumentationwerereasonablywelldevelopedin otherareasof physics

e.g.solidstatedetectors,gasproportionalccunterssndsuchdeviceshave

theiroriginsin low-to mdium-energynuclaarphysics,Theenergyuange-

1 keV to - 100 keVhas presentedthe greatesttechnicalproblemsfor

compositionmeasurements These w~re solved only with technological

advancessuch as rareearth mgmtic materials,develo~nt of space-

qualifiedveryhighvoltagesystems(- 30-50kV),andverythin-walledor

thinsurfacebarrierenergericparticledetectors. Stillnewer develop

mentssuchas position-sensitiveparticledetectionshouldresultin even
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greateradvancesin instrumentcapabilities,particularlyin thearea of

timeresolution.

30 THEPLASMASPHERE

The plasmaspheredeservesattentionin a reviewof acceleration

processesfor three reasons:first as a sourceof ionswhich may be

acceleratedin situ withinthehigh altitudemagnetosphere;secondly,as

thebackgroundplasmathat determineswave propagationand polarization

characteristics;and thirdly,as the medium in which more energetic

particlesareembeddedandto whichtheyloseenergyandmomentum.

Duringthe 1960’s,limitedcompositionmeasurementsof the near-

equatorialpl,asmasphereby the OGO-1,-3,and-5 massspectrometers(Table

1) all foundHe+/H+to be 4 0.01withnegligibleamountsof 0+ (Tayloret

al.,1965;Harriset al,,1970). Thispictureof theplasmaspherechanged

withtheadvent of theGI?OS-1,ISEE-1andDE-1 massspectrometers.The

latterallyieldedHe+/W+- 0.1as a moretypicalvalue(Younget al.,

1977;Waiteet al.,1984; Horwitzet al.,1984)withexcursionsup to 50%

He+ by number.

measurementsneed

newerresultsare

withinthsinner

The reason forthis discrepancybetweenOGOand later

notdetainus,but it nowseemswellestablishedthatthe

indeedcorrect (cf.Norwitz,1982). Ion temperatures

plasmasphereare - 0,3eVwith a mall radial gradient

thatleadsto - 1 eV neartheplasmapauseoDifferentionspeciesare in

thermalequilibrium,as areelectronsandions. Rarerionspeciesarealso

2+ /+ andN+ havingbeen repc:tedat hK!lS Of <presentwithHe2+,D+,O t

001%, Molecularions(N2+, NO+,02+)havebeenseenoutto 3 ~ over the

polarcapduringan intensestorm(Cravenet al.,1985)buthavenot yet

beenfoundwithintheplamasphere.
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In termsof identifyingthesourcesof themoreenergeticringcurrent

and radiationbelt ions,the mst importantplamaspherefeatureis its

coqositionalorderingH+>He+>O+by density.Thisis indistinctionto the

compositionof auroralbeam and upwellingpolar cap ions, in which

H+*O+>He+is a clearlyestablish~dfeature.Althoughsuchan orderingis a

usefulguidelineforidentifyingtResourceof particlesat energiesup to

a few tensof keV,it shouldbe keptin mindthatthesolarwindelemntal

orderingis alsoH>He>Oand is thereforequalitativelysimilarto that of

theplasmasphere.Thisisan importatconsiderationathigherenergies (}

0.1MeV)wheresolidstatedetectorsaretheprimarytool (usedalonethey

distinguishonly nuclear,not ionic, charge). At very high energies,

trappedionsgain or lose electronsthroughcollisionsandtherebywork

towarda charge stateequilibrium(cf.Spjeldvikand Fritz,1978). Thus

initialchargestatesalonedo notnecessarilyserveas viablemarkers of

ionoriginsandtheplasmasphereelementalorderingcouldinprinciplebe

confusedwiththat of thesolar wind. Fortunatelythepresentlevel of

instrumentationoffersanothertestof ionorigin,theelementalCm ratio.

We returnto thisagainin Section7.

Theouterplasmasphereandthe regionadjacentto it (the so-called

“trough”)providefertilegroundfortheproductionof plasm wavesthrough

a varietyof mechanisms(cf. Shawhan,1979). Of particularinteresthere

are ion cyclotronwaves (ICWS)just aboveor below the local gyro-

frequenciesof thetwoauminanccoldionspecies:H+ andHe+.It has long

beenknownthatthepresenceof a secondionspeciesintroducesnewcutoffs

and resonancesintotheplasmawavedispersionrelation.Both propagation

andpolarizationcharacteristicsof ioncyclotronwaves are therefore

alteredby the presenceof He+or 0+ mixedin withthecold hydrogenic

background plasm foundwithin and outsidethe plasmasphere. One
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importantconsequenceof this cold multi-speciesplasma is that ICWS

observedin the equatorialregionat L - 4-7by GEOSandA~-6 display

propagationandpolarizationcharacteristicsshowingclearcontrolby He+

andO+. The I~s aregeneratedby thepitch angleanisotrapyof hot (20-

50 keV) protonsandthen propagateaway fromtheequator. Ray tracing

simulationsby Rauchand Roux(1982)showthatthe wavesare reflected

within- 20°of theequatorialplaneandbouncebackandforthbetweenwave

“mirrorpoints”,gainingamplificationon eachbounce.Amplificationcomes

aboutbecausethepresenceof b 5% He+enhancesthe 1(37growthrate (Roux

et al.,1982)whilethewavereflectionoccurswhenthelocalICWfreq~ency

matchesthe hi-ion hybridfrequencywhich is controlledagain by the

presenceof cold He+. The ICWSin turnact backon the coldHe+, and

througha mechanismnotyet clearlyestablished(butpossiblyquasi-linear

diffusion,GendrinandRoux, 1980;or non-lineareffects,Mauket al.,

1981;Rouxet z1.,1982), thewavesstronglyheattheHe+ ions transverse

to the local magneticfield directiongiving rise to a hot exo-

plasmasphericpopulation(Section4).

AsidefromtheGEOS-1observationsdirectlyshowingHe+heatingup to -

100eV, thereis goodcircumstantialevidenceforwave heatingof ions

basedon theprevalenceof so-called“pancake”or trappedpitch angle
distributions(i.e. peakedat 90°) of both H+ andHe+ (Howitzet al.,

1981;Olsen,1981)andtheresonantabsorptionof ICWSat bothHe+ (Mauket

al.,1981)and0+ (FraserandMcPherron,1982)equatorialgyrofrequencies.

Horwitzet al. have also reportedthat trappeddistributionsoccur

preferentiallyin thedaysiaemagnetosphere,which is the locusof ICW

eventsandheatedHe+ (Rouxet al.,1982).Theseexperimentalresultshave

instigatedconsiderabletheoreticalwork on gyroresonantwave-particle

interactionsandtheinterestedreaderis referredto reviewsby Gendrin
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(1983

Fora different

Curtis(1985).

andROWC 1985),as wellas to workby GcxnberoffandNeira (1983).

viewon acceleratingandtrappingsuprathermalions see

As Gendrinhaspointedout,wave-particleinteractions

mediatedby He+ representa kind of frictionalinterchangeof energy

betweenhotions of onespecies(H+) andcoldions of another(He+) and

extendsaswellto coldelectrons(Rouxet al.,1984).

In additiontowave-particleinteractions,heatingof theouterreaches

of theplasmaspheremaybe a consequenceof thefillingof fluxtubesfrom

theionosphere.Thefillingprocessis evidentfromflowingdistributions

of H+ andHe+ (Sojkaet al., 1983)and from thesteadyincreasein cold

isotropicplasmaduringperiodsof quietingmagneticactivity(Homitz et

al.,1981,1984). The outeror formationalplasmaspherein these studies

is foundto be hotter(l-3eV)thantheimer coreof theplasmasphere(0.5

ev),a featurealreadynotedearlier(SerbuandMaier,1970; Bezrukikhand

Grinqauz,1976)andrecentlyconfirmedby Comfortet al. (1985)withDE-1.

Severalof the studiescited above haveaddressedthe problem of

heatingtheouterplasmaspl,ere.SerbuandMaier(1970)notedthat hotter

(- 5 eV)ionshaveCoulombcollisionlifetimesmanyt?.meslongerthantheir

bouncetimes,whereascolderions(-0.5eV)couldscatterandbe lostover

a bounceperiod.Thisprocessshou? be moreeffectivein thedenseinner

plasmaspherethantheouter, however,whereasthetemperaturegradientis

in theoppositesense. Sojkaet al. (1983)found thatas

higherL-shells,field-alignedflowsof H+ andHe+ ions

counterstreamingflows coming fromboth hemispheres,to

DE-1moved to

changed from

unidirectional

flowscoming onlyfrom thenearesthemisphere.Theseobservationsare

qualitativelyin keepingwiththeinteractionexpectedof counterstreaming

polarwind ionbeams nearthe equator. Suchbeams wouldbe initially

unstableto ionacousticwavesuntilsufficientdensityhadbuiltup at the
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equator(Schulzand Koons,1972). Singhand Schunk(1983) find that

suprathermalforerunnerions(- 2.5eV)maybe initiallyunstableandstart

theprocessof scatteringandthermalization.A collidingbeaminteraction

hastwoimportantconsequences:ion flowenergyis convertedto thermal

energy,possiblyaccountingforhighertemperaturesin theouter plasma-

sphere;andtheplasmaspherefillsfromthetop (equator)down. Thelatter

isan importantconsiderationforwavepropagationstudiessinceit implies

densityandcompositionmay varyin an unexpectedmanneralongthe field

line.

4. THEEXO-PLASMASPHERE

* I havesuggestedelsewhere(Young1983a,b)

suprathermalpopulationroughlyadjacentto the

thereis evidencefora

plasmapause,extending

outwardperhaps1-2~. whileit couldbe arguedthatthisis nothingmore

than thelow-energytail of the ring currentor plasma sheet, the

compositionof the“exo-plasnwphere”isdistinctlyterrestrialin nature,

butwith a strong plasmasphericflavordue to large He+fl+and 0*/0+

ratios.Typicalion energiesrunfrom- 10 ev (GumettandFrank, 1974;

HorWiti?et al.,1981;Sojka et al.,1983;SojkaandWrenn,1985) up to as

highas - 1 keV (Mlsigeret al.,1983). Pitchangledistributionsrange

fromtrappedthroughconical(definedas fluxmaxima at pitch angles

00<a<900or 90°<a<1800)to field-aligned(Singhet al.,1982). Among the

moreconsistentfeaturesof thisplasmais thatHe+moresothanH+ tends

towardtrappeddistributionssuggestiveof accelerationperpendicularto

thelocalmagneticfield.(Horwitzet al.,1981;Rouxet al.,1982; Sojka

et al.,1983). Olsen(1981)has founda stronglytrapped(withina few

degreesof theequator)populationthatmaybe predominantlyplasmaspheric
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ii+(QuinnandJohnson,1982). The0+ exo-plasmaspheric

he field-alignedandgenerallymore energeticthanthe

componenttendsto

He+,and is likely

to be associatedwithdirect0+ injectionandtrappingfrom theionosphere

ratherthana purelyplasmasphericsource(seeSection8? alsoYoung,1979;

Kayeetal., 1981a,b). Recentresultsfrom

an exo-plasmasphericsourcefor H~ and02+

edgeof thestorm-timeringcuruent(Shelley

AMPTE/CCEareconsistentwith

fluxesobservedat the imer

et al.,1985b).

A primaryheat sourcefor the outerplasmasphereis wave-particle

interactionsdrivenby theanisotropyofenergeticprotonsas describedin

Section3 forHe+. Inadditionto heatingHe+by thisprocess,indirect

evidenceof WPInear F@ alsoexists (FraserandMcPherron,1982; Fraser

19i32)althoughno observationsof locallyheated0+ ions have been

reported. Perpendicularheatingof suprathermal\notcold) H+ by KWS

abovethe hydrogenqwofrequencymayalso takeplace. Thesewaves are

generatedb; unstableprotcnringdistributions(Perrautet al.,1982). In

thiscase thehot,unstableprotonsgive up energyto theloweK energy

(0.1-5kW) partof theprotonspectrum.Inallinstancesof wave-particlg

interp.ctionscitedabove,the sourceof proton @tch angleanisotropyis

g~adientandcurvaturedriftof protonsfromnearlocalmidnightaroundto

iocal noon, Thusthefreeenergyforcoldion accelerationis suppliedby

substorminjectionor,in some cases,simplyExSconvectionfromthe tail

plasmasheet.

In thissectionwe have triedtomakea caseforhighaltitude,near-

equatorialaccelerationof coldplasmas~hereions. It seems importantto

makethisdistinctionbecausethecompositionof thispopulation,whichcan

actas a feeti~:fortheringcurrent(Section6),isdifferentfromthatof

directlyinjectedauroralfluxes.Forthisexo-plamaspherepopulationthe

importanceof He+ stemsfrom source compositionratherthan from the
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charge-exchangelossprocesswhichalsofavorshighHe+abundances(Sectior~

6).

One lastnoteon heatingtheexo-plasmasphere:It s~emsplausiblethat

turbulencein theconvectiveflow inducedby thedawn-duskelectricfield

couldalsoheatthis region.Shear in theconvective(E@) flow pattern

shouldoccurpreferentiallyat theplasmapauseduringperiodsof increasing

or decreasingmagnetic

convectionpatterngive

so thenthisis perhaps

disturbancelevels. Whether shearsin the ~

riseto MliDturbulenceremainsto be seen,but if

anothersourceforionheating.

5. IHE PLASNASHEET

No otherregionof themagnetosphereelicitsas muchcontroversyamong

experinentalistsas doesthemagnetotail.The reasonsforthis seemto be

itssheervastness,andits dynamic,time-varyingnature coupledwith a

lackof multiplespacecraftobservations. Ml of whichmake certain

classesof measurementsby a singlespacecraftproblematicat best. For

example,controversiesoverspatialvs.temporaleffects(e.g.plasmasheet

expansionvs. flappingtoname butone)arelegion.Andyetthe rqneto-

tailandplasmasheet arecentralto magnetospheredynamicsas resevoirs

for the storageof nearlyallenergy(inthe form of magneticfluxandhot

plasma)andmabsconsumedduringthesubstormprocess.

Build-upof magneticfluxin thetailfollowedby

reconnectionis thegenerallyagreeduponparadigmfor

thisprocessionaccelerationto energiesas highas .

itsreleasethrough

Substorms● Through

1 MeVoccurs.While

it is of i~terestto knowhowthesegreatenergietscma about,of greater

importanceto magnetospheredynamicsis theaccelerationand earthward

motionof thebulkof theplasmashaetparticles,Accelerationismardfost
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throughplasma flows bothearthwardand tailwardat velocitiesup to

hundredsof kr@ during substorms;as plasmidseject~tifromthe tail,

carryingwiththemsubstantialanmnts of particleandfieldenergy;andas

energeticions(1keV- 1 MeV)acceleratedalongtheboundaryoftheplasma

sheet. ml of these processesaretouchedonin thissection,again with

en@asis placedon compositionaspects.

It is perhapsusefulto pointoutthattheISEE-1ionmassspectrometer

(Table1) is stilltheonlymassresolvinginstrumentmeasuringbulkplasma

to penetratethe magnetotailregionbeyond “7%” ISEE-1also ~arried

non-mass-discriminatingplasma analyzers(Eastmanet al., 1984) and

energeticparticleinstrumentscapableof distinguishing0+ (Hovestadtet

al.,1978). Energeticparticleand plasmainstrumentson IMP 7 and 8

havemeasuredcharacteristicsof streamingmagnetotailions

Stillfurtherdawntail(80-220~) ISEE-3 hasrevealedthe

windcharacterof energetic(6-150keV/amu)ions found

(Gloeckleretal., 1984).

outto 45 ~.

apparentsolar

in plasmoids

In termsof particlestoragetimes,theplasmasheetmst be considered

to be a temporaryresevoirof magnetosphericplasma.Beforethe present

era

via

the

out

of heavyions,theplasmasheetwasthoughtto be fed by the solarwind

thehigh-andlow-latitudeboundarylayersor by directdiffusionfrom

magnetosheathintotheflanksof the magnetotail.Hill (1974)pointed

thata solar windparticlecapture

supplythequietplasmasheet. By the

108/cm2s)cl~uldonlysupply-50%of the

x 1025/sfromtho plasmasheet, Hill

rateof only-

sametoken,the

estimatedquiet

discussedother

0,1%wasneeded to

polarwindflux (4

the lossrateof 5

evidencewhich, at

thatthe, suggesteda solarwind originfor theplasmasheet. AS he

pointedout,itmadefora tidiertheoryifbothmassandmomentumtransfer

requirementfor theplasmasheet couldbe metby a singlesource,the
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solarwind. The mostrecentISEE-1 compositionmeasurementsin the tail

(reviewedbelow) suggestthat thesolar windis indeed theprimary ion

sourceduringmagneticallyquiet times. Duringdisturbedtimes, however,

theplasma sheet seems to fill witha steady stream of ionospheric

material.

Compilationsof significantamountsof ISEE-1plasmasheet cqmsition

datahavebeenpresentedbySharpetal. (1982)andLennartssonandShelley

(1985). Theirbasicconclusionsarethatinmagneticallyquietconditims,

ionsin theplasmasheet outto 23 ~ are W=98%of solarwindorigin and

havebeen acceleratedto equal energyper nucleonwith H+ recsiving

2+slightlymoreenergythanHe . TheaverageHe2+/H+densityratiois 0.03,

somewhatlessthanthetypical(butnotsimultaneouslymeasured)solarwind

valueof 0.04-0.050 As magneticactivityincreases(FigUre 3) the O+/H+

densityratioincreasesuntil,as Sharpet al.infer,plasmasheetionsare

- 50%terrestrialin origin,At thesame time,! .J amount of solar wind

He2+actuallydecreasesinside23 ~ (LennartssonandShelley,198S). With

increasedmagneticactivity,the averagesolarwind ionenergy in the

plasmasheet increasesa factorof 2, but in such away that H+ gets

relativelymore energythan He2+ and thetwospeciestendtoward equal

energyper chargarather than equalenergy pernucleon.Interestingly,

LennartssonandShelley reportthat at verylow levelsof activity, the

meanionenergyapproachessolar windvalues(e.g.1 keVforH+ and 4 ke~~

for He2+). Theirstudy,coveringall ISEE-1datain 1978and1979,showsa

definitesolarcyclecorrelationas theaverag~O+/H+ratioincrawcl by a

factorof 3-4at alllevelsof magneticactivity.

Moreenergeticions(>20keV)arealsopresentwithinthe plasmasheet

proper,are found inplawnoidaejectedby subtorm activityfrom tlw

distanttail,andappearas burstsof flowingionsseen on theboundaryof
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the plasma sheet. Within theplasma sheet,these nme energeticions

extendup to > 1 MeVandmayappearas a distinctlynon-thermalpower law

tailextendingfromthe Mamllian distributionof themain population

(Sarriset al.,1981). Morecomplexenergeticiondistributionswerefound

ina studywithISEE-1 (IpavichandScholer,1983). Ipavichetal. (1984)

alsoreportthattheenergetic0+ contentof theplasma sheet(asmeasured

by O+/Ii+) increasesat leasta factorof 10,up toO+/li+- 0.4, with

magneticactivity(determinedby Kp),qualitativelysimilarto theSharpet

al, (1982)results.

Mgneticactivityis alsoassociatedwith beamsof energeticions

flowingearthward,tailward,or simultaneouslycounterstreamingalong the

boundaryofthe tailplasma sheet(Krimigi6and Sarris,1979;Mobius et

al,,1980; Williams,1981; Lui et al., 1983). Such burstshave been

recordedmostfrequentlyinassociationwithcrossingsof theplasma sheet

lmndarylayer,whichseemsto be a consequenceof theirassociationwi+k

substormactivity(KrimigisandSarris,1979).( Sincetheplasma sheetis

knownto thinand thenexpandwith substormpheses,it seemsmost likely

thatthe 10 - 50 k@ motionof the plasma sheetpast a satelliteis

responsiblefor bringingthe boundarylayerinto viewduring crossings

thanis the relativelyslow (1 - 2 kn@) motion of the satellitein

inertialrnpace.HoweverEastmanet al, (1984)argue thatthe boundary

layerpersistseven duringmagneticallyquiet periods(Kp - O) andis a

permanentfeatureof the tail.) The compositionof these energetic

particlesseemstobe primarilysolarwind,basedon He2+fi+ ratios(Mobius

et al., 1980)however Ipavichet al. (1985)report seeingenergetic0+

streamingtailwardduring two substormson March 22, 1979 (CDAW 6

analysis).

AS discussedby manyof the aboveauthorsandmnmarizedin Baker and
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Fritz(1984),theoriginof theenergeticionbeamsis ncm?generallytaken

to be accelerationat one or more X-typeneutral lines formedin the

magnetotailduring substormactivityat distancesof 10~ to > 100 ~

tailwardsfim the Earth(Williams,1981). Accelerationat the neutral

line(s)proceedsby thecurrentsheetmechanismproposedby Speiser (1965)

anddiscussedby LyOnSandSpeiser(1982).Accelerationat a neutralline

rathernaturallyleads to ionflows at theouter boundaryof the plasma

sheet. m importantconsequenceof thisaccelerationprocessis discussed

by Lyons and EWans (1984). LOWaltitudesatellitedata shws that

precipitatingelectronscausingthe discreteaurora areassociatedboth

temporallyand spatiallywith energeticprotonfluxes (30-800kev) that

resembl~energeticprotondistributionsseenin thehighlatitudeboundary

of theplasma sheet. l’heobservedprotonflux spectraarein agreement

with characteristicscomputedfor neutral sheet acceleration,the

implicationbeingthatdiscreteauroraoftenoccuron fieldlines thatmap

alongthe boundarylayer andare connectedto regionsof currentsheet

acceleration.

At ionenergiesbelw 1 keV, Eastmanet al. (1984) haveargued that

thissam plasmasheet boundarylayer is theconduitforupflowingion

eventsoriginakin~in the auroralzone,and that the streamingions

eventuallyevolvethroughpitchanglescatteringto populatethe central

plasmasheet, Evidenceforscatteringof upvardacceleratedfield-aligned

ionsas a meansof populatingtheplasma sheet hasbeen advancedby

Ghielmettiet al, (1979). l’hcynoted thepredominance)fupmrd flowing

overdownwardflowingionsat low’altitudes(<8000km)on mgnetic field

linesconnectingto the lowlatitudeboundaryof theauroralzoneand to

the innerplasma sheet. Because downwardflowingionswereobservedin

associatio,~withenhancedfluxesof trappedions,Ghielmattiet al.argui~d,
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basedon spa’.iallocationand relativephasespace densities,that both

populationscouldhave originatedfromthe morecommmnlyobservedupward

fluwingions. ‘l!hustheS3-3observationschowevidenceforioninjection

overa widerange of latitudesinto thecentralplasmasheetwithoutthe

ionsnecessarilypassingthroughtheplasma sheetboundarylayer. F-

urthermore,qnvard flowingauroralionsare generallyassociatedwith

inverted-Veventsor occa~ionallyoccuroververywidelatitudinalextent

(Sharpetal.,1979;Lundinet al.,19@2;QuinnandJohnson,1985;Shelley,

1985). EXBdrifteanddispersionof tieupwardfluwingions(particularly

0+)wouldin any casecausethebeams to be injectedthroughoutthe main

bodyof theplasma sheet,as observedby Sharp et al. (1982). These

observationsseemto imply injectionthroughoutthe plasmasheetand not

justin theboundarylayeras Eastmanetal.havesuggested.

Thepicturewhichemerges is thatat lowlevelsofmaqnetic activity

thesolarwindpopulatesthe bulkof theplasmasheet(atleastoutto 23

~) withlittleadditionalionacceleration.Substormactivityleads to

theupward accelerationof auroralions andscatteringintothe plasma

sheettogetherwiththeformationof neutralline(s)andearthwardaccel-

erationof energet~.cioIM3, Increasedconvection,in thelobes together

withinc~easedreconnectionin thetailshouldincreasetheamount of solar

windionsfoundin thepiatma sheet,butapparentlydoes not, l’hifiImybe

a consequenceof tailwardmovementof thereconnectingregion. Energetic

ionsareobservedat low altitudesinconjunctionwithdiscreteauroral

forms,and at high altitudesas beams on the plasma sheet boundary,

Cou.nterstreamingcomesaboutas earthwarddirectedionsmirrorand return

to thespacecraft(Williams,1981).AS magneticac~ivityincreases,the

fluxof acceleratedparticlesout of theauroralzoneincreasesand the

plasmasheatfillswithionosphericmaterialthatmayalteritsresponseto
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subsequentsubrtorms(Bakeret al.,1982).

Shelley (1985)estimatedthat the relativelysmall terrestrial

componentof thequi’sttime plasmasheet(-2%)canbe easilysuppliedby

eitherquiettimeupwardflowingauroralions(Collinet al.,1984)or by

acceleratedpolarcap i~noutflowsobservedon DE-1 (Yauet al., 1984).

Duringmagneticstorms (Dst- -100Y) the Outflowof bothO+ ?d H+

increasessignificantlyand the auroralaccelerationregion alone is

sufficientto supplytheobservedterrestrialcontentof theplasma sheet.

other transportchannels(magnetotaillobe streamsand magnetopause

boundarylayers)may,in Shelley’sestimation,contributesignificantly,

butarenotlikelyto be theprimarysourceof thestorm-tirnplasmasheet.

One finalnote on changesin plasmasheet compositionwith magnetic

activityis the observationthat theabsolutedensityof lie2+ decreases

withincreasingactivity(Lennartssonand Shelley,1985). One tight

speculatethat this conm about because*e2+is preferentiallydenied

access to theplasmasheetinside23 ~ as a resultof changingconvection

anvor accelerationpatternswithinthemagnetotailoIncr@amd convection

might,forexample,causeHe2+ enteringvia themagnetopauseboundarylayer

to be carriedfurtherdowntailbeforeit couldgain %ccess to the plasma

sheet. Tailwardmotion of the reconnectionregionin theplasma sheet

couldhave ~similareffect,as wouldchangesin the patternof disruption

of thetailcurrentsystemwhichfeedstheionosphericBirkelundcurrents

(LenrtartssonandShelley,1985;Baker et al.,1982).Bakeret al. (1982)

havesuggestedthatthepresenceof 0+ in thenear-Earthplasmasheet may

defineregionsinwhichiontearingmodegrowthratesareincreasedandthe

thresholdfor instabilityleadingto substormonset is lowered, More

recentdataon the distributionof 0+ densitiesinthetajl (Lennartsson

andShelley,1985)arecorwistentwithdawn-du~kasymmetriesnot~dby Baker
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ot al.

6. THERINGCURRENT

Withouta doubtoneof thenmstexcitingexperimentalresultsin recent

annalsof magnetosphericphysicshasbeenthelongawaitedmeasurenwntsby

theAMPTE/CCEexperimentsof the compositionof the terrestrialring

current.Ringcurrentstudieswereformerlyplaguedby our inabilityto

.asurethecompositionof ions in theenergy range20-300keV, wherein

lies- 90% of the ringcurrentenergydensity (williams,1980, 1983).

InitialCCE resultsreportedin theliteraturearelimitedto a singlemain

phasemagneticstorm,that of Septernbor4-6, 1984(williamsand Sugiura,

1985),howevermoreextensivedataareiricludedin thepresentvolunw.

Likethe plasmasheet, theEarth’s ringcurrentis a storehouseof

acceleratedmagnetosphericperticlesand henceof energy. Particlesin

thering currentare storedby virtueof trappingin themore dipolar

regjonsof thegeomagneticfield. Becausetheymayexecutemany circuits

ot theEarth,storagetimesarewuchlongerthanin theplaw sheet(days

vs.hours) andthis leads to their energizationthruughradial (c;ass

L-shell)diffusion, Particlesare lost fromthe ring currenteither

throughcharge exchangewithneutralhydrogen,or throughpitch angle

scatteringintothe atmosp~lere.Thesourcesand pathwaysforion entry

intothe ringcurrentare betterunderstoodas the resultof CCE and

earliercompositionmeasurements,butquestionsremain.

The fizstdirectmeasurementsof ions(“protons”)andelectronsbelow“

50 keVin theringcurrentwerereportedby Frank(1967) andlaterextended

to “ 1 MeVby SmithandHoffman (1973).A8 discussedby Lyons (1984),

these and other non-~ompositiondata showed that the particleflux
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increasesoccurringduring magneticstormscontributedto themain phase

ringcurrentprimarilyinside05 !.=4.FIUXincreasesoutsidethisaltitude

areno greaterduring~mainphasestormsthanduringsubstorms.me inner

edgeof theringcu~rentlargelycoincideswiththeplasmapauseas n~tedby

Frank(1971).~is w~spredictedon theoreticalgroundsas theconsequence

of pitchanglediffusiondrivenby ioncyclotronwave-particleinteractions

(Cornwalletal., 1.970).Thereis generalagreenwmt,however,that the

primaryloss mechanismforring

geocoronalneutralhydrogenrather

scattering.It shouldbe keptin

current ionsis charge exchangewith

thanwave-particleinducedpitch angle

mindthatbothof theseloss mechanisms

arecompositiondependent,and, indeed,thatthey maybe coupled through

themechanismof chargeexchanqe-inducedanisotropiesin thehot ion pitch

angledistributions(SolomonandPicon,1981).

Thegeostationaryor~it (L ~ 6.6) liesat the outerlxnmdaryof the

quiettime ring curzent,in the general regionwhere strong plasma

injectionsare obssrvedin the dusk to midnightlocal time sector.

McIlwain(1972,1974)hasused ATS.”5plasmadatatodewnstratethat this

regionis literallya gatewayforthepassagaof kilovoltplasmafrom the

tailplasmasheet andthe ionosphere(Maukand McIlwain,1975)into the

imiermagnetosphere. Injection,driftantidispersion of ionospheric

materialin thisregiontw been describedby KWS et a~. (1981b)and

Strangewayand Johnson (1984)using S3-3 andSCATHAdata. Particles

injected

magnetic

the ring

near L = 6.6 areon trappedorbits under mostconditionsof

activity,andfromthere beginto convector diffuseinward into

currentand radiationbelts.

UsingdatafrombteGEOS-1 and-2 ionmassspectrometer,Younget al.

(19d2)showedthuttherewssa strongsolarcycledependencein thenumber

densityof theterrestrialionsHe+and0+ at energiesof 1-15keV (Figure



22
*

4). Similar longtermtrendsattributableto the solarcyclehave been

foundin ISEE-1compositiondatafromthetailplasmasheet between10 and

23 ~ (Lennartssonand Shelley,1985)and in upflowingioneventsobserved

with DE-1 (Yau et al., 198S) and s3-3

coranunication,1984).

In retrospect,theionosphericoriginof keV

haveleadoneto expect thatsameformof solar

(A. Ghielmetti, private

magnetosphericionsshould

cycledependencewould be

obsenable. Responsesof the upperatmosphereandF-regionionosphereto

solarcyclevariationsin the solarWV outputarewellknown(cf. White,

1971). Young et al. (1982)argued that increasesin solar EUV (as

quantif!edby F1007,the 10.7 cm radio fluxindex)wouldincreasethe

productionratecf ionosphericspecies,but moreimportantlywould raise

thescaleheightsofbothionsandneutrals. Becauseof itsgreatermass,

thescaleheightofO+ wouldbe affectedthemostandthatof H+ theleast,

withHe+ fallingsomewhereinbetween.Thisin factiswhatis observedon

GUM k termsof iondensitycorrelationswithFIO,, Lockwood(1984)has
●

examinedthequestionof solarcyclecontrolof theauroral0+ acceleration

processin some detail.He used as a hypothesisthatthetopside iono-

sphereis unstableto ion cyclotronwaves andthat 0+ seenin upmrd

flowingionsi~ heatedinitiallyby thesewaves. Lockwoodshowedthatthe

escapeof 0+ dependscriticallyon itsinitialaccelerationto an energyof

-10eV,abovewhich~+overcomesthechargeexchangeand coulombcollision

barrierspresentedby neutralhydrogenand oxyqenatoms. Some contra-

dictionbetweenLockwood’sresultsandtbeGEOSobservationsarisesbecause

the0+ escapefluxshouldbe highestat lowtopsideiondensitieswhereas

the rever~~seemsto be truefortheobservedsola~cycleeffect. In any

case,thistypeof studyisbadlyneededto sort outthecompetingeffects

of ionosphericchemistry,iontransport,andtheplasmaphysicalproblemof



23

ionacceleration.

Movingon to higherenergies,intheabsenceof direct measutwnentsof

ringcurrentcompositionin thecritical20 keV-300kevrange,a numberof

studieswere undertakenin order to infer indirectlythe ring current

compositionduringthestormrecoveryphase. Thesewerebasedon deducing

thecharacteristictimescalesforringcurrentdecay(Tinsley,1976;Lyons

andE<ans,1976;Smithet al.,1981).Observeddecay ratesof 1-3daysin

thestorm-timeDst index were fartoo slowto be accountedforby H+

lifetimsagainstchargeexchange,leadingto thesuggestionthatHe+or 0+

shouldbe thedominantring currentionat energiesbelow“ 50 keV. This

surmisewas confirmedbelow“ 20 keVby GEOS-1,ISEE-1 andPROGNOZ-7data,

andseems to be consistentwithlimitedCCE results(Krimigiset al.,

1985).

Publisheddatafromthe AMPTE/CCEcompositioninstrumentsare thusfar

limitedto a single stormin September,1984. The CCEis in a 15.7 hr.

orbitwithapogeenear1300LT and8.8~. The ringcurrentthatdeveloped

dUringtheSepteXiberstorm was fairlyintense (preliminaryDst- -120 Y)

butasyxmnetric(Williamsand S~giura,1985). During thestorm initial

phase(Sept.4) Kp reached70 and8-,on Sept.5 it reached70.

Figure5 is a sumnaryplotof ionenergydensityciuringthestormmain

phasewhentheCCE was inboundnear localdusk. Pniorto thestorm the

quiettime ring currentenergy densitywasdominatedby H+ with peak

densityat 100 to 300 keV. During the storm mainphase, 0+ fluxes

increasedmostdramaticallyatenergies4 300kevtogetherwithappreciable

increasesin H+ andHe+. Glocckleret al. (1985a)notethatH+,He+,He2+

and0+ spectraareall relativelysimilarbelow300keV/ewithpeaksat -

15 keV/eand w 150keV/e. There isno obviousdifferencebetweenenergy

spectraforionsof terrestrialorigin(0+, He+)vs. thoseof solar wind
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origin(He2+,[~1%) when plotted at ewal W), Suggesting pri-~ly Ml

dependentacceleration.At energies< 17 kevShelleyandco-workersfind

thattheH+ and 0+ pitchangle distributions, however,show significant

differences,with thelatter exhib.ingevolutionfromisotropictoward

trappedcharacteristics,andtheformerevolvingfrorafieldaligned toward

trappeddistributions.

Therelativeabundancesof solar windionsbelow 300keV/e obsened

withintheringcurrent (He2+,[CNO]5+,Si>4+, andFe>g+)are remarkably

similarto their solarwind values,suggestinglittlemass or charge

discriminationeffectsin solarwind ionentry(Gheckleret al., 1985a).

One furthernote is that an integratedoxygen chargestatespectrumfor

1-300keV/etakenoverL = 8.6to 2.3showsthatalthoughcharge exchange

processesare at workcreating03+, ~4+and O5+, thesolar wind and

ionosphericsourcesare clearlydelineated.Duringthe storm recovery

phase,0+ above- 20 keVdecays rapidlyand an importantquestionis

whetherit in factfeedsthehigherchargestatesas suggestedby Spjeldvik

andFritz(1978).

Accelerationand injectionof ring currentions isknown to occur

throughseveralpathways,althoughthe relativecontributionand time-

dependenceC: eachremainsto be elucidated.FollowingWilliams(1983),I

listfour“subliminallypopular”generationmechanismsforthe ringcurrent

andaddtwomorethataresuggestedby recentobservationsandtheoretical

work. These pathwaysand relatedaccelerationprocessesare depicted

schematicallyin Figure6.

1. EarthwardE x B drift of plasmasheet ionsdrivenby the cross-tail

convectionelectricfield.Accelerationoccursthrough~ andJ conserva-—

tion,withtheside~ffectthatinitiallyisotropi’:particledistributions

become ani.sotropicand are thereforepotentiallyunstableto elec-
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tromagneticioncyclotronwaves(Kayeet al.,1979). The Ricemodel(Wolf

et al.,1982)simulatesformationof theringcurrentmagnitude(Dst)quite

wellby theconvectionprocess,althoughtheringcurrentlccationat the

inneredge of the plasma sheet(L - 5) is not in agreementwith the

obsewed inneredgeat L - 3.

2. Upwardacceleratedauroralions. Theparticlesourceis

ionosphereandhence tendsto be rinhin O+. Acceleration

the topside

is found to

occurprimarilyparallelto themagneticfieldfollowedby isotropization

neartheequatorialplane. Theseionspopulateboththenearand distant

plasma sheet [Section 5). Pitch angle diffusiontoward trapped

distributionsis an importantintermediatestepin populatingthe ring

currentby thismechanism. Evidencefor pitchanglescatteringhas been

obtainedmost recentlyfromCCE (Shelleyet al., 1985b), from SCATHA

observationsof near-equatorialbeams(Richardsonet al.,1981)as well as

theworkof Ghielmettiet al. (1978).

3. In situaccelerationat thesubstorminjectionboundary,firstproposed

by McIlwain(1974).Subsequentworkon thismodelby Mocreet al. (1981)

has ledto thesuggestionthattheimpulsive,dispersionlessnature of the

substorminjectionprocess is caused by an earthward propagating

compressionalwavesetlooseby thecollapseof magnetotailfield linesat

theonsetofrapidreconnectionin thetail(cf.Baker et al.,1979). The

inducedelectricfieldassociatedwiththisrapidmagneticfieldchange is

responsibleboth for injectingand heatingplasma sheet particles.

Moreover,Quim andJohnson (1985}haveidentifiedtheinjectionbal,mdary

withintensebeamsfrom theionospherewhicharesimilar LG the field-

alignedcomponentof “zipper”events.Thisprocesshasbeen observedonly

on ths outer (LP 6) ringwrrent regions.Presumablyit would move

earthwardwiththeequatorwardexpansionof aucorallactivityduring main
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phasestorms.In anycase,the injectedpopulationsserveas the feeder

forotherprocesses(seebelow)thatfurtheraccelerateions.

4. Earthwardadiabatictransportof a pre-existingtrappedparticle

pulation(LyonsandWilliams,1980). Tests of this hypothesiswith

Explorer45datashowedthatpre-stormdistributionsof ionsand electrons

couldreproducestorm-timedistributionsquite wellunderthe assumption

thatan azimuthalequatorialelectricfieldof 0.3- 1.0 mVAnactsoveran

appreciable(90°- 270°)range of driftlongitudes.me newCCE data set

offersan excellentopportunityto repeatthisexperiment,particularly

sinceapogeeiswellbeyondtheexpectedinjectionboundary.

5. Directinjectionofmagnetosheathplasma intotheouterring current

duringmainphasestorms.Injectionmaybe intothedaysideboundarylayer

plasma(Lundinet al., 1982)fromwhich ionscaninprincipledrift into

theouter ringcurrent. PROGNOZ-7observationssuggestthat impulsive

solarwindinjectionsoccurina mannerremarkablylikethe modelproposed

by Lemaire(1977)andHeikkila(1979), Intrudedsolarwind plasma seems

to be necessaryin order to explainthe so-called“mixed regions”

containinghot, non-flowingsolar wind enriched plasma observed

preferentiallyin thedawn-sidemagnetosphereby GEOS (Balsigeret al.,

1980)and ISEE-1 (Lennartssonetal.,1981).

6. Field-alignedinjectionof ionsfrom thetail neutralsheet. As

discussedinSection5, burstsoffieldalignedenergeticions (1keVto >

1 MeV) in the plasmasheet boundarylayerresult fromreconnectionand

accelerationinthetailneutralsheet.Someof theseions(andelectrons)

areableto reachtheauroralzone(LyonsandEvans, 1982)butin addition

canalsopopulatethe mainplasmasheet (Sarriset al.1981)throughthe

angulardivergenceinherentintheaccelerationprocess,as wellas through

E x B convectionandscatt.eting.Injectionof energeticionsdirectlyinto
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theouterring currentoccursduringsubstorms(Bakeret al.,1979) and

thereis no reasonwhy theycouldnot contributeas w1l to main phase

storms● Sincethese ionsareseen at 6.6~ it is likelythatthey are

alsoinjectedevendeeperintotheringcurrentby thesameprocess,namely

largescaieinductionelectricfields.

In sunnnary,we haveidentifiedat leastsix mechanismsbywhich the

injectionofionsintotheimer or outerringcurrenthasbeenobsewed to

occur. As a number

processisdominant;

partresponsiblefor

each in systematic

of authorshavenoted,it isunlikelythatonly one

it is certainlyconceivablethatallprocessesare in

ring currentgeneration.Thetaskis thento study

fashionand particularlyto understandhow the

contributionfromeach varieswith stormphaseand fromstormto storm.

Sincesomeprocessesfavor injectionof a moresolarwind-likecomponent

(5,6),othersa pureterrestrialcomponent(2),or stillothersa ~xture

of the two in variableproportions(1,3,4)it seems likely that the

compositionof the ringcurrentcanvarywiththe relativecontributionof

eachinjectionmechanism.Of course changesin thesource populations

feedingeachinjectionchannelare knownto occur (e.g.thesolar cycla

effect on 0+)andwillfurthercomplicatethispicture.

7. RADiAI’IOIBELT

Forions thelocusof theradiationbeltextendsfrom thelimit of

stabletrapping(L ~ 5 on thelongterm)down to L = 1.1wherelosses to

collisionswith theatmosphere can no lon~er be supported. The most

energeticions(}100

cosmicrayproduction

decay(CRAND).Below

MeV)arelikely tobe protonsoriginatingfrom the

of neutronsin the atmosphereandtheir subsequent

thisenergy,ionsoriginateat the outerboundaryof
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trappingregion(L } 5). Accelerationupto radiation

beltenergiesoccursthrough theprocessof radial diffusiondriven by

fluctuationsin the large scale magnetosphericelectricand magnetic

fieldswhichviolatethe thirdadiabaticinvariant. Sincethesource of

theselargescalefluctuationsandof theconvectionelectricfield is the

solarwins, either throughcompressionsof the magnetopauseboundary

(magneticfluctuations) or

is again the solar wind

acceleration.Onceagain,

hasbeentheoriginof the

Somewhatsurprisingly,

throughvariationsin theconvectionfield, it

that is the

oneof the big

trappedions.

ultinateenergy source for ion

issuesof radiationbeltphysics

at theseveryhighenergiesinstrumentationhas

provedadequateto the requirementsforcompositionzwasurements.For

exanq$e,a singlekeymeasurementisthattheradiationbelt C@ elenmtal

abundanceis > 0.5 (Hovestadtet al.,1978),a characteristicof only the

solarwindsincetheionosphericCn ratiois < 10-5 (Blake,1973). There

existsufficientheavyionmeasurementssuchthatboththeoriginand the

relevantphysicalprocessesin the radiation

understood,Mxcellentreviewsof radiationbelt

recentyears by Schulz and Lanzerotti(1974),

(1961)andSpjeldvikandFritz(1983).

beltare relativelywell

physicshavebeengivenin

Schulz(1975),Spjeldvik

At first,measurementsof heavy (Z~ 2) ionswere madeonlyat low

altitudes, TheseshowedHe andCNOfluxesto be

expect~drelativeto knownsolar windabundances.

to be theverysteepionpitchangledistributions

at 90°. Innerzone(L 4 2) ionfluxeswere found

a factor- 1,02lessthan

Theproblemturned out

thatarestronglypeaked

to fita sinna function

withn = 8 forhydrogenandn = 12 forHe (Blakeet al.,1973). Similarly,

in theouterzune (L= 3-5)n E 5 forhydrogen,n RI8 forHe (Fritzand

Williams,19731Hove8tadtet al., 1981)andn a 16 forCandO (Hovestadt
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et al.,1981). Thesedatareferto ionenergiesof = 0.5 MeV~ucleon. The

originclfsteeppitf’hangle distributionsis ascribedto thesteepnessof

the ionenergydistributionsin thesourceregione.g.in theplasmasheet.

IonsWhichconsewe4 andJ while diffusinginwardwillgain most energy

near90°pitchanglesandleastnearOO. Thus a vezysteepinitialenergy

distributionsuch as that found in the plasma sheet will contribute

energeticparticlesprimarilynear 9b pitchangles. Moreover, c’arge

exchangeand Coulombenergy losswill be greatestfor small equatorial

pitchangles(atleast at totalenergiesup to a fewMeV) and these ions

willbe preferentiallylost. ‘ITNJSsome of thodifferencesbetween heavy

ionsandprotonsin thesteepnessof theirpitchanglespectraat equalion

velocity(i.e.at equal energypernucleon)My wellbe accountedfor by

differencesin energyspectrawithinthesourceregion.

Cornwall(1972)andSchulz(1975)suggestedthatifHe2+has lessthan

fourtimesthetemperature(meanenergy)of H+ in thesourceregion(plasma

sheet)thiswouldlead to a steeperHe2+ thanH+ energy/nuclaonspectrum

andthence to the observodspeciesdependentpitchangle distributions.

RecentISEE-1 data(Lennartssonand Shelley,1985) sho , howevor,that

%e2+ -4 q; towithin~ 15% for all levelsof magneticactivityexcept

the highest,where●qual ionenergypercharge ismorelikely,The only

CNOchargestatenwasurementsin theouter magnetosphere(L II6-7) which

addressthisissue arethoseof AMPTE(Gloeckleret al.,1985a). These

datashowthatduringa singlestormthe :CNO]2+3average●nergyperchargo

wasqualitativelysimilarfor all ionsincludingterrestrialspecies,‘f’he

He2+ and~ group averageenergyper nucleonwasonlyabout1/2that of

H+. ‘MIS if storm or disturbed-timeinjectionsand subsequentrapid

diffusionarea majorcontributorto theradiationbelts,as sems likely,

thenthesteeppitchangledistributionsat L<5canbe understoodin terms



of theAMPTE/CCEdataat L = 6. The averageISEE-1datafrom10 to 23 ~

are in roughagreementforhighlevels of magneticactivity(storms)but

not forlow.

AS mentionedearlier,coq..xxitionof the radiationbeltsforz ~ 2 ions

measuredneartheequatorialplaneat L = 2.5-4stronglyindicatesa solar

windorigin~at leastat energiesof 0.4-1.5MeV~ucleon(Hovestadtet al,,

1978,1981). The ISEE-1 dataalsoshow thatNe,Si, Mgare present at

energies~ 0.6MeV/nucleon.Ionswithhigherrigiditiesapparentlycannot

be stablytrappeddue to violationof theAlfvm criterion.tie latter

requiresthat the iongyroradiusbe mall (4.05) relativeto IVBI@,

Furthersviilenceforthe effect of this trappingcriteriacormsfrom the

~bservsdC~ ratioof 1 N 4 at energiesof ().45to 1.3MeV/nucleonat L u

2.S-4. Since solarwind C/Ovalues are = 0.5, thisenrichmentof C

6+ ionhas arelativeto O can be understoodfromthe factthat theO

sufficientlylargegyroradiustoviolate theAlfvencriterionoutsideL w

6+ doesnot (Hovestadtet al.,1978).3.5,whereasC

Observationsnowshow considerable0+ in theoutermagnetosphereand

ringcurrentat energiesof 1 - 300keV,and onemightaskwhatbeconw of

oxygenin the radiationbeltswhereC/o- 1 precludesa terrestrialsource.

One answeris clearlythatrapidcharge exchangehelpstodisposeof O+.

~rthermore,theinjected0+ spectrum(atequalE/A) is simplytoo soft

an~or too field-alignedto promoteverymany ionsinto theMeV range

throughradialdiffusion. A third importanteffect, notedby Cornwall

(1972),is that radialdiffusiondriven by electricfluctuationsis

proportionalto ion(Q/M)2,henceterrestrial0+ and02+would diffusefar

slowerthan06+andwould therebybe diminishedrelativeto higher charge

@tat@s before much accelerationoccurred, Given these three 10ss

mechanismsfor 0+ it is interestingthatAMPTE/CCEr~sultsshowthat 0+
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fluxesat 300keV/eare- 103moreintensethan[~]23+ fluxes(Gloeckler,

et al. 1985a). Thisindicatesthatdespitelosses,0+ is energized-

injectedrapidlyenoughat leastdown to L = 3.7to overcomeits dis-

advantagesrelativeto solarwind06+.

Explorer45 datahave yieldedconsiderabledetail on the storm-tim

injectionand

Spjeldvikand

andSpjeldvik

subsequentdecayof radiationbeltions (see review by

Fritz,1983). By studyinga seriesof stormsin 1972,Fritz

havefound, in additionto largevariabilityfromstorm to

storm,thatrapidinjectionof MeV ions(1“ 20 MeVdependingon mass)can

occurdownto L = 2,5duringa largestorm. Largestenhancementsoccurred

at thesmallestL valuesandwerefarstrongerfor heavierthan,forlighter

ions. Conversely,theheavierionfluxesdecayedxnrequicklythandid the

lighterions. Decayperiodswereconsistentwith chargeexchangeand

CoulomblossesnearertheEarth(L 4 3.5)andwithradialdiffusionfarther

out . I

In summary,it isgenerallyconsideredthattheprinciplesof radiation

belttheory ere wellunderstood, Nothingin the recentexperimental

resultswould contradictsuch a statement,however non-steady-state

conditionsduringrapidinjectionof storm-timeparticlesarestill poorly

elucidated.AS thisbriefreviewdemonstrates,withintheradiationbelta

numbercf massor speciesdependenteffectsareknown to be hnportmt.

Chiefamongtheseare:

speciesand origin(terrestrialor solar wind)dependmt ●orgy

spectraandpitchanglespectraoccur in the radiationbelt sourco

regions,

speciesdependenttrappingtakes placnfor high vs.low rigidity

ione,

- speciesdependentradialdiffusionresultsfromelectric(but not
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magnetic)fluctuations(Cormmll,1972),and

- lossprocessesare virtuallyentirelyspeciesdependent(charge

exchange,Coulombcollisions,resonantwave-particleinteractions).

8. ICNOSPHERICACCELERATI~PROCESSES

MZMSspectrometerson s3-3 made thefirst obse~ationsof upward

accelerationof kilovoltH+ and0+ ionsovertheauroral zones(Shelleyet

al.,1976). ~is wasquicklyfollowedby theidentificationofconical,

ratherthan exclusivelyfieldaligned,ion distributionsthat imply a

strongaccelerationprocess actingtransverse to themagneticfield (Sharp

et al.,1977). Thereisalsoevidenceforion (andelectron)acceleration

throughmagneticfieldalignedelectricpotentialdropsassociated largely

with“invertedV“ structures(MizeraandFennell,1977;HultqvistandBorgl

1978;Sharp et al., 1979;Collin et al., 1981;Rlumparet al., 1984).

Accelerationvia fieldalignedpotentialdropsseemsto be wellunderstood,

howeverthejuryis stillouton thenatureof the transverseacceleration

process,nidencehasbeenpresentedina fewstudiesthattransverseand

fieldalignedaccelerationprocessesare relatedin a cauaativesenso

(Klumparet al., 1984t Heeliset al,,1984) Kintneret al., 1979).

Statisticalstudies,on the otherhand, havetendedto showthat field

alignedbeamsand conies(coniesarethehigh altitudemanifestationof

transverselyacceleratedions dueto theactionof themirrorforce ad

conservationof L) havedifferentspatialdistributions(Ghielmetti●t al.~

19781Gorneyet al,,1979)andthernforearenotnecessarilytheproductof

thesameunderlyingphenomena.Of course transverseaccelerationat low

altitudesproducesparallelaccelerationthroughtheactionof the mirror

fogce, but therealquestioniswhetherregionsof transverseacceleration
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are intimatelyrelatedto fieldalignedpotentialdropsad, ultimately,to

theauroralprocessitself.Observationsof transverseionheating within

regionsof fieldalignedcurrents,of intenseioncyclotronwave activity,

andof electrostaticshocks(Heelisetal., 1984; Mizeraet al.,1981)all

reinforcetheconsensusthatthis is indeedthecase. Moreoverthere are

dqle candidatemechanismsfor transverseacceleration—thequestionis

whichone(s)doesnaturechoose.

Observationsat lowaltitudes(“1500km) typicallyshowthat upward

acceleratedions areoften seen in associationwithintense fluxes of

precipitatingelectrons(not allstudieshave hadaccessto magnetometer

datahencetheelectronfluxes are takenas an indicatorof field aligned

currents)and occurin regionsof low ambientplasmadensity (Klumpar,

1979), Theoreticalstudieshavesuggestedthat theagentfor transverse

accelerationiselectrostatichydrogencyclotronwaves. Thesetake their

free energy from driftingionosphericelectronsmoving either down

(Ungstrupet al.,1979)or up (DusenberyandLyons,1981)theauroralfield

lines. Simulationsin which colddriftingelectronsprovide the freo

●nergyhaveshownthatoxygen cyclotronwavesshouldalsobacons unstablo

andpreferentiallyheat0+ transverseto the magneticfield (Ashour-

Abdallaet al.,1981). Unfortunately,oxygencyclotronwaveshave notyet

been reportedandare inherentlymoredifficultto obserwethan hydrogon

waves.

At still lower altitudes(< 1000 km) the total observed ion

accelerationis rathermall althoughthisreallymust be judgedin terms

of the roughly100-foldgainoverinitialionospherictemperature.AS a

numberof authorshavo noted,oneproblemwithwaveaccelerationis that

theheatedionsare soonmovedoutof theaccelerationregionby thomirror

force,therebylimitingtheir energygain, Thisseemsto ● particularly
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true at lowaltitudeswhereconicaldistributionsareVPW low energy(see

below)●

At higheraltitudes(b 5000km)intensewaves arefoundfrequentlyin

awmciationwith moreenergetictransverseionheating (Kintneret al.,

1979)● Localizedregionsof abruptreversalsandenhancementsin the

transverseauroralelectricfield have“beentermedelectrostaticshoc~s

(Hozeret al.,1977). Theytendto occurat altitudesof 1 ~ out to a

few~, are generallyembeddedin “invertedV“ stmctures, and are

associatedwith upwardacceleratedionsand electrostaticion cyclotron

waves. Borovsky(1984)hasmadeI case for transverseionaccelerationin

oblique(tothemagneticfield)doublelayers. This canproducea number

of theob~ervedionaccelerationsignaturesandwouldresemble the electric

fieldsignaturesof electrostaticshocks.Accelerationinobliquedouble

layerscan in principleprovide a large amount of transverseenergy

necessary,for instance,to fulfillthe observationalrequirementsof

Collinet al. (1981).Thelatterfindthat.kilovoltupflowingoxygenis on

theaverageabouttwiceas energeticas H+ andthatabouthalfof itstotal

energymust have comefrom accelerationperpendicularto the magnetic

field.

A relatedsubjectthat has receivedmuch attentionof lateis ion

“upwelling”,primarilyof 0+, at energies<100ev andoften<10eV observed

at highlatitudesover thepolarcap (Shelleyetal.,1981;Gurgioloand

Burch,1962;Waiteet al.,1984)andat theboundarybetweenpolarcuspand

polarcap (kckwoodet al.,1985).Althoughitmightbe thoughtthatthese

ionsarean high energytailon the classicalpolarwind,it now appears

thattheyareheatedby transverseaccelerationprocess?ssimilarto those

outlinedabove. In this caseheating is inferredto take place at

altitudesbelowwherethe charg~exchangeof 0+ withneutralhydrogenis
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importantothemisetheobservedupflow of 0+ couldnottakeplaceat the

fluxlevels measured. AS discussedby Moore(1980, 1984)the neutral

hydrogenexosphererepresentsa barrierto 0+ escapeunlessthe0+ is first

acceleratedto energies- 10 eV.At thispointitscrosssectionforcharge

exchangedecreasessufficientlyforion escapeto occur. Lockwood(1984)

hasmade a thoroughexamimtion of this mechanismincludingelastic

scattering,andhasshowedthat accelerationto - 10 eV is sufficientfor

bothH+ and0+ to escapetheionospherefroman altitudeof 600km.

Analysisof the stability of upwellingions and other injected

ionosphericpopulationswuldbe of interestin orderto ascertainunder

whatcircumstancesstreamingionswould generatewavesthat

trapping. in anycaue,ionupflowandsubsequenttrapping

be a widespreadprocess thatprovidesa pathwayforenergy

leadto self-

nowappearsto

transferfrom

theionosphereto theequatorialmagnetosphere. thisprocessconverts

parallelflow energy,viawave-particleinteractions,into perpendicultir

thermalenergy. thustheupflowandsubsequenttrapFingof ionsrepresents

momentumandenergyas wellas masstransferfromionosphereto equatorial

magnetosphererather than the other way around,which is the mm

conventionalpicture.a quite similarenergypathwaycanbe found in the

injectionof moreenecyeticauroralionbintotheplasmasheet(Section5).

In wnmmry,theobservationsseemto allowfortheexistenceof several

relatedaccelek~tionmechanismsandquite possiblymorethan onemay be

foundalong a given auroral fieldline. wMle detailsmayvary, all

observationsandtheorieshavein commonfieldalignedcurrents(whether up

or down)as thecausativeag~nt.Current or driftdriven instabilities

generatewaveswhichtransverselyacceleratetheobserv~dions. Subsequent

accelerationby parallelelectricfieldsor furtheraccelerationby WSVOI)

may occur. Noneof theproposedmechanismsmakeoutrageousdemandson free
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energysourcesandall reproducesomeaspectof thisveryrichacceleration

phenonmaoThisplacesstringentrequirementson futureexperimentsif cm

is to sort outthe differentaccelerationmechanismsthatare proposed.
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FIGURECAPTICW

1. Schematicrelationshipof magnetosphericparticlepopulations.~e

ionosphereandmagnetosheathareshownas bothsources(top)and sinks

(bottom)of particles. Approximatelatitudeof ionosphericsourcm

and sinks are shownschematically(e.g.flowintotheplasmasphereis

fromnear-equatorialregions,flow intothe taillobes is polar in

origin),Fromthisdiagramit canbe seenthatvirtuallyalllatitudou

feedmsgnetosphericparticlepopulations,andalsoact as particle

sinks, Characteristic ion energy increases from top to bottom in the

figure(scale at left) as does,roughlyspeaking,the lifetimeof

trappedpopulations.(Figureupdatedfrom Young, 1983b).

2, Operational periods of magnetosphericspac~craft carrying ion

compositionexperimentsshown relativnto the prosmt solar cycl~

(using13-monthsmoothedsunspotnumbers,Rz). Dashedlines hlicato

extended(usuallyint~rmittent)or expectedextension to present

missions, Not@that no polar spacecraftWSBoperationalfor : 2.3

yearsaroundthesolarmaximumperiod. (Adapted from Shelley,1985,)
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3. Average ISEE-1 plasma sheet composition during 1978-1979 from 10-23 ~

in energy

4. Average0+

range 0.1-16 keV/e (from Lennartsson and Shelley, 1985).

densityin the energyrange0.9-15.9keVobtainednearL =

6.6 by GUS-1

maximum of the

S. AMPTE/CCEring

and -2. Datacover therisingphase andmostof the

currentsolarcycle(fromYounget al.,1982).

currentcompositionduzingtheMgneticstormof Sept.

4-7, 1984. Energy density is integral over - 10 eV to - 5 MeV (from

Krimigisetal., 1985),

6. P&thwaysforinjectionandaccelerationof ring

linerepresentsa rough boundary between outer

currentions. Dashed

(quiescent) and inner

(storm) ring currentpositions, Notethat

sourcepopulationsin theequatorialregions

generatingtheringcurrent.

trappingof ionospheric

my play a large role in
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Table 1. Magnetospheric spacecraft carrying ion ccqcrition and ULF
wave instrumentation

A. Thermal ions (< 100 eV)

Spacecraft Instrument ~ Dates Reference
BeMett RF I Taylor et al. , 1965

mO-3 Bemett RF 1966 1,4 Taylor et al., 1970
-5 Magnet 1968 1,4,16 Harris & Sharp, 1969
GEQs-1 RPA+ESA+CWT 1977-1979 1,2,4,8,16 Geisr et al., 1978
ISEE-1 RPA+ESA+GiF 1977- 1,2,4,8,16 Horwitz et al., 1982
scA!IliA RPA+maqat 1979 1,4,16 Reatoner et al., 1982
DE-1 RPA+magnet 1981- 1,2,4,8,14,16 ~ppell et al., 1981

28,30,32 Craven et al., 1985

B. Hot ions (100 ev - 30 kev)

Instrument Type Cates Reference
SWF+ESA 7-,, 16 Sha rb et al., 1974

1971-92A
S3-3
G~S-1
ISEE-1
GEKS“2
scmm
PRWQZ 7
DE-1
CCE

SWF+ESA
SW+ESA
ESA+CWP
ESWCW’F
ESA+CWF
,SWF+ESA
5WF+ESA
C’WF+ESA
WF+I%A

1971
1976-
1977-1979
1977-
1978-1985
1978-
1978-1979
1981-
1984

1;2;4,16
1.,2,4,16
1,2,4,8,16
1,2,4,8,16
1,2,4,8,16
1,2,4,8,16
1,2,4,16
1,2,4,8,16
1,2,4,8,16

Shel~ey et al.,- 1972
she

T
et al., 1977

ula gor ●t al., 1976
Shelley et al., 1978
Balsiger et al., 1976
Johnson ●t al., 1982
Lundin et al., 1979
Shelleyot ●l., 1981
Sholloy et al., 1985a

c. Energetic Ions (> 30 keV)

%%iw-i+-nt“ Datee z Ref*rence
# Krimiui8& vanAllm, 1967

WIIn-un5
-i9

Exp,45
IMP-7
IKP-8
ATS-6
s3-2
ISCE-1,
ISEE-3
ISEE-1
scATnA
CCE
CCE

SSD 1968-1969
StiD 1969-1970
SSD 1971-1974
ESA+SSD 1972-1973
ES#+SSU 1973-1976
SSD 1974
PC+SSD 1975-1976
ESA+ K+SSD 1977-

TOF+SCD 1977-
Ssn 1978-
E&.+TQF+SSD 19e4-
!IQFhSSD 1984-

D. Wavo analvzers (ULF ranae)

1;2,6-8
1,2
1,2,z4,z9
1,2,6-8
1,2,6-8
1,2,6-8 >8
1,2,>4,>16
1,2,6,7,8,
10-14,~16
1,2,6-8,>8
1,2,6-10,~12
1,2,6,7,8
1,2,6-8

Vanfil.n●t ●l.,1970
Blako& Paulikas, 1972
Fritz & williama, 1973
Fan ●t al., 1976
TUma●t ●l., 1974
Fritz & wilkon, 1976
Scholor ●t ●l., 1979
Hwoatadt ●t ●l., 1978

Williams ●t al., 1978
Blako & F.M.U, 1981
Glwckl@r ●t al., 1985b
McEntiro ●t al.,1985

ReferonccSpacecraft Instrument Type Frequency
~awkeye Search roil >1 Hz Kintnor & Gurnett nil
Exp. 45 Search coil’ >1 Hz Taylor ●t al., 19$5
GEOS-1,2 Search coil >.05 Hz Porraut ●t al.,1978

Electric dipolo >.05 Hz Porraut ot al.,1978
ATS-6 Fluxgato >.05 Hz ?iauk & McPl)@rron, 1980
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S3-3 Electricdipole >30Hz Rintneret al.,1978
DE-1 Searchcoil >1 Hz Shawhanet al.,1981

Electricdipole >1 Hz Shawhanet al.,1981
ISEE-1,2 Searchcoil >5.6HZ Gurnettet al.,1978

Electricdipole >5.6HZ Gurnettet al.,1978
ISEE-1,2 Fhxgate <16Hz Russell,1978

I$3TE: For a comparison of wave detector sensitivities see Jones (1978)

ABBREVIATIChlS:PJVU Retardir’g Potential Analyzer, ESA: Electrostatic Analyzer,
CWF: Curved-plate Wien Filter,SSD:Solid StateDetector,‘IQF:Tin&of-
flight;PC:Proportionalcounter.
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